At the replication fork, nucleosomes, transcription factors and RNA polymerases are stripped off the DNA, the DNA double strands are unzipped and DNA methylation marks may be erased. Therefore DNA replication is both a 'curse' and 'bliss' for the epigenome, as it disrupts its stability by causing chromatin perturbations, yet it offers an opportunity to initiate changes in chromatin architecture and gene expression patterns, especially during development. Thus the DNA replication site is a critical point for regulation. It has become apparent that there is a close functional relationship between those factors that regulate transcriptional competence and the DNA replication programme. In this review we discuss novel insights into how chromatin-remodelling factors at replication sites are involved in both the maintenance and regulation of transcriptional states.
Introduction
In all eukaryotic cells, histones H2A, H2B, H3 and H4 spool the DNA in almost two turns to form the structural building block of chromatin, the nucleosome. Linker histones of the H1 family stabilize this structure by binding to the entry-exit site of the DNA on the nucleosome. Chromatin is involved in regulatory processes by limiting access to DNA. Two major classes of enzymes regulate chromatin structure. The first includes factors that covalently modify histones, such as histone acetyltransferases, which are usually associated with transcriptional activation, and histone deacetylases (HDACs), which often ) provides a binding site for HP1 (heterochromatin protein 1), an important determinant of heterochromatin structure. HP1, in turn, interacts with the H3 Lys 9 methyltransferase SUV3-9H1 and its homologues, which may propagate the methylation of more H3 Lys 9 in the vicinity of the original mark (reviewed by Grewal and Elgin [7] ). However, there is little evidence so far that such mechanisms operate at the replication site, and DNA replication is a process that conceivably stretches such an information preservation system to its limits. Yet both DNA replication and transcriptional inheritance operate within a chromatin context, thus making chromatin modifications an absolute requirement for stable genetic and epigenetic inheritance. In this review, we attempt to provide insights into the chromatin-remodelling mechanisms to which the replication programme is subject, and how these influence transcriptional inheritance.
Given that DNA replication is coupled to a profound perturbation of chromatin, it is not surprising that the cell uses this opportunity to regulate some genes, and there are several striking examples to illustrate this. In vitro experiments have shown that transcriptional activation can be mechanistically linked to DNA replication [8] . In mouse embryos, the release of transcriptional arrest that occurs between the end of oocyte maturation and the two-cell stage requires DNA replication [9] . Another example is found in the regulation of the HoxB gene cluster, a linear array of genes that are activated in a sequential manner during early development. The Hox genes encode homologous transcription factors that are involved in patterning of various tissues in animals. The relationship between the activation of the genes in this cluster and DNA replication has been studied recently in two systems: during embryogenesis in the frog Xenopus, and during the retinoic acid-induced differentiation of pluripotent mouse P19 cells [10] . In the Xenopus system, inhibition of DNA replication before the mid-blastula transition (the time at which zygotic transcription starts) abolishes transcriptional induction of the HoxB genes. If replication is inhibited one or two cycles after the mid-blastula transition, the expression pattern is altered. In P19 cells, the activation of the HoxB genes requires progression through a single S phase. Furthermore, activation of most of the Hox genes in the HoxB cluster is sequential (co-linear) during S phase in synchronized cells. In these experiments, the HoxB locus replicated early, but co-linear activation occurred later in S phase. Therefore the replication process does not immediately activate transcription, but 'licenses' the genes for subsequent activation. Chromatin replication may also be involved in the efficient silencing of genes, as shown for thyroid-receptor-mediated repression [11] . Together, these findings suggest that DNA replication may 'license' transcriptional regulation.
Replication timing and transcriptional activity
DNA synthesis is organized in such a way that specific regions of the genome are replicated at precise times, following a set 'replication programme', which ensures that the whole genome is duplicated only once (reviewed by McNairn and Gilbert [12] ). Light microscopic studies on cultured cells indicate that transcription and replication are mutually exclusive and happen in distinct, yet related, domains [13] . At the individual gene level, the timing of DNA replication and transcription has been examined in rDNA genes in HeLa cells using light microscopy [14] . Most rDNA foci were transcriptionally active in early S phase without exhibiting active replication sites. Cells in mid-to-late S phase showed a reversal of those functions: transcription was shut down where replication of individual rDNA loci commenced. These observations suggest that there might be a switching mechanism that turns off transcription for the replication of these higher-order chromatin domains. Yet another light microscopic study on cultured cells points to a close spatial relationship between transcription and DNA replication, at least in the early stages of S phase [15] . This may be in line with a longstanding notion that there is a link between replication timing and the transcriptional activity of specific loci in higher eukaryotes [12] . A striking example to illustrate this correlation is found with the mammalian X chromosomes in female cells, where one X chromosome is active and largely early-replicating, whereas the other is silenced and late-replicating. This replication profile does not seem to be determined by differences in origin usage or firing, but rather by a delay in the time of their firing caused by the heterochromatin environment in the inactive X chromosome [16] .
Recent technological advances with DNA microarray approaches has allowed the genome-wide investigation of the relationship between transcriptional status and replication timing. A mapping study in Drosophila revealed that there is a strong general correlation between early replication and active gene expression [17] . In the same system, the co-ordination of replication timing and transcriptional activity has been demonstrated further by showing that RNA polymerase II is more densely localized in early-replicating sequences [18] . This correlation is not at the level of individual loci, but rather over extended chromosomal domains. Other links between replication initiation and transcription have been described in fission yeast, where active origins reside close to promoter regions [19] Analysis of human chromosome 22 also indicated that there is a correlation between transcriptional activity and early replication [20, 20a] . However, a subset of late-replicating regions was found to be highly transcribed; the mechanisms that may underlie this exception have yet not been identified [20] . Two recent studies have explored the link between gene expression and the timing of DNA replication using mouse embryonic stem cells that can be induced to differentiate in culture. It was shown that as cells commit to differentiation they undergo programmed changes in chromatin organization and gene expression. These changes coincide with a switch in replication timing, from early to late or late to early, according to transcriptional activity, of a set of genes encoding transcription factors critical for early embryonic development or lineage specification [21] . A study from the Gilbert laboratory showed that this switching in replication timing upon the differentiation of mouse embryonic stem cells into neural precursors is restricted to genes within AT-rich/LINE (long interspersed nuclear element)-rich isochors [22] . In addition, early-replicating domains appear to be generally more CG-rich and LINE-poor, and have a high gene density [20, 20a] . Therefore it has been suggested that sequence features provide a regulatory mechanism by which the timing of gene replication is defined. Such a mechanism could co-regulate the availability of activators (early-S) or repressors (late-S) and their subsequent incorporation into chromatin. These observations link replication timing to the evolution of metazoan genomes and their struggle to keep mobile, parasitic DNA, such as transposons, under control [22] . Evidence for the temporal partition of regulators is provided from experiments that demonstrated that DNA in human cells is more likely to be transcribed when microinjected into early rather than late S-phase cells [23] . Taken together, the correlation between replication timing and transcriptional activity in higher eukaryotes indicates a temporal segregation of the replication of domains with different transcriptional states. This segregation, in turn, may help to maintain the transcriptional status of specific domains. This temporal correlation of transcription activity and DNA replication timing may be a unique feature of higher eukaryotes, as no link has been found between replication timing and transcriptional states in budding yeast [24] .
Origins of replication: determinants and victims of chromatin structure
The multi-step process of genomic replication commences with the assembly of pre-replication complexes at discrete sites, called origins of replication. In bacteria, bacteriophages, animal viruses and budding yeast, these regions are defined DNA sequences. In Schizosaccharomyces pombe, as well as in higher eukaryotes, replication origins are less well defined. The ORC (origin recognition complex) that identifies and binds to origins is composed of six subunits (Orc1-6), all of which are required for cell viability (see [25] for a review on DNA replication initiation). ORC assembly is followed by binding of Cdc6p and Cdt1p and subsequent recruitment of MCM (mini-chromosome maintenance) helicase factors. Replication origins are important not only because of their ability to initiate replication fork formation and subsequent DNA replication, but also because their chromatin environment can be modulated, so that origin initiation can be regulated and thus, potentially, kept 'in tune' with transcriptional demands. Importantly, ORC proteins are determinants of chromatin structures.
In yeast, multiple connections have been identified between proteins that initiate DNA synthesis and those that mediate gene silencing or heterochromatin formation (reviewed by Ehrenhofer-Murray [1] ). For example, ORC proteins and DNA polymerase α interact with heterochromatin proteins. The dynamic interplay of the replication machinery with other cellular functions is illuminated by findings on the participation of ORC subunits in tasks downstream of replication, such as chromatin assembly, heterochromatin regulation and chromosome segregation [26] [27] [28] [29] [30] . Collectively, these findings suggest that ORC subunits assist in the establishment of chromatin structures, which in turn will establish functional domains for sister-chromatid cohesion and gene silencing.
Not only are the origins of replication determinants of chromatin structure, but they are themselves subject to regulation through chromatin modifications. In Drosophila and Xenopus, initiation of DNA replication is regulated developmentally, whereby after the mid-blastula transition, replication switches from a random localization to preferential localization at promoters or intergenic regions [31, 32] . Transcription activators can select (specify) and activate replication origins for initiation in viral systems, yeast and metazoans, and they perform this task, at least in part, by mediating chromatin remodelling ( [33] [34] [35] and references therein). A non-viral vector that replicates episomally in mammalian cells requires active transcription into a chromosomal S/MAR (scaffold/matrix attachment region) sequence to stimulate autonomous replication from an SV40 (simian virus 40) replication origin [36] . This shows that active transcription can stimulate initiation of replication and indicates a role for nuclear architecture in this process. Transcription factors and their associated co-activators have also been found to be targeted to replication sites throughout S phase (e.g. the androgen receptor and its co-activator hZimp10), but the role of this targeting is not clear [37] .
Further recent work underscores the links between chromatin modifications, regulation of origin function and subsequent transcriptional regulation. In the budding yeast Saccharomyces cerevisiae, a screen for suppressors of a cdc6-4 mutant defective in pre-replication complex assembly led to the identification of the HDAC protein Sir2p [38] . Sir2p removes acetyl groups from lysine residues within the histone H3 and H4 N-termini and is conserved from yeast to mammals. The findings indicate that Sir2p negatively regulates pre-replication complex formation by enhancing the establishment of heterochromatic structures at pre-replication sites. Sir2p may achieve this by deacetylating origin-proximal nucleosomes, but the possibility cannot be excluded that Sir2p also targets other chromatin proteins. Deletion of another HDAC in budding yeast, RPD3, was shown to advance the replication timing of origins, and this was linked to the increase in histone acetylation near origins [39] .
HDACs also regulate origin activity in metazoans: chromatin acetylation was shown to be critical for a developmental transition in origin specificity in Drosophila [40] and in human cells in culture [41] . Interestingly, at the EpsteinBarr virus origin of plasmid replication, histone H3 acetylation decreased during G 1 phase, coinciding with nucleosome remodelling and MCM3 loading, and preceding the onset of DNA replication [42] . The ATP-dependent nucleosome-remodelling factor SNF2H (sucrose non-fermenting 2 homologue; see below) was found to be targeted to this site together with HDAC2, and this complex appears to co-ordinate the G 1 -specific chromatin remodelling leading to DNA replication initiation. All of these results suggest that ORC subunits, transcription factors, chromatin structure and histone modifications are important determinants of origin activity, which in turn influences transcriptional inheritance.
Histone chaperones: deliverers of histones and more
Histone chaperones bind histones in order to assist and regulate their interactions with DNA and other molecules, and in this way they are essential in chromatin assembly (reviewed in [43, 44] ). The analysis of several histone chaperones suggests that they are involved in the maintenance of chromatin states (reviewed in [44, 45] ). One example is provided by CAF-1 (chromatin assembly factor-1), a histone chaperone that delivers histones H3 and H4 in DNA synthesis-coupled chromatin assembly. CAF-1 interacts with the central replication molecule PCNA (proliferating-cell nuclear antigen), which could explain how it is targeted to the replication site [46] . CAF-1 is not essential in budding yeast, but has a role in maintaining silenced chromatin structures (reviewed in [45, 47] ). It is not clear how CAF-1 is involved in this process, but the finding that CAF-1 interacts with HP1 suggests a mechanism by which CAF-1 delivers heterochromatin components during chromatin assembly [48] . Recent studies in cultured mammalian cells shed further light on the role of CAF-1 in heterochromatin propagation during DNA replication. Pericentric heterochromatin is the highly condensed chromatin around the centromeres. Its inheritance in mouse cells has been shown to follow a highly dynamic process involving CAF-1 and HP1 proteins [49] . This study showed that CAF-1 forms complexes either with histones H3/H4 or with HP1α/γ. Stable interaction of HP1 with heterochromatin involves an unknown RNA moiety and histone H3 methylation at Lys 9 , but CAF-1 is able to dynamically recruit HP1α/γ to the pericentromeric heterochromatin during its replication in the absence of this RNA or histone H3 Lys 9 methylation. Given that CAF-1 interacts with either histones or HP1, one could imagine a sequential interaction of CAF-1 with these proteins to ensure both chromatin assembly and the heritability of HP1-containing heterochromatin domains. One wonders if these complexes may also have a role in a disassembly reaction to facilitate heterochromatin replication.
Histone chaperones such as Asf1 (anti-silencing function 1, for H3/H4) or NAP-1 (nucleosome assembly protein-1, for H2A/H2B) assist CAF-1 at the replication fork, but have also been shown to have roles in determining chromatin structure and gene regulation in a replication-independent manner. Disruption of Asf1 enhances the silencing defects of CAF-1 deletion, which points to a synergistic role of CAF-1 and Asf1 in promoting silent chromatin [50, 51] . However, Asf1 seems to counteract chromatin condensation globally and is required for the activation of specific genes by catalysing nucleosome disruption [52] [53] [54] . Asf1 is also involved in transcription-coupled chromatin assembly by catalysing the incorporation of the histone H3 variant H3.3 [55] . Thus Asf1 could epigenetically mark transcriptionally active sites. In Drosophila, Asf1 mutations de-repress silenced genes. On the other hand, Asf1 has also been shown to be associated with decondensed and transcriptionally active regions on polytene chromosomes and to interact with the chromatin-remodelling factor Brahma, an ATP-dependent nucleosome remodelling factor involved in transcriptional regulation [56] . These findings therefore demonstrate how histone chaperones are not only mere shuttles of histones to replication forks in order to assemble new chromatin; they function in parallel as histone-exchange media elsewhere in the genome.
Histone-modifying and nucleosome-remodelling factors at the replication site
Specific histone-modifying and nucleosome-remodelling factors have been found to be targeted to replication sites, which suggests that they may be involved in facilitating DNA replication through chromatin and/or the assembly of specific chromatin structures [1, 12, 45] . The specific targeting of HDAC2 and the nucleosome-remodelling ACF1 (ATP-utilizing chromatin assembly and remodelling factor 1)-ISWI (imitation switch) complex to replicating heterochromatin suggests that such factors act directly at the replication site to mediate or facilitate the formation of condensed chromatin [57, 58] . ISWI (and its mammalian homologue SNF2H) are potent nucleosome-remodelling factors in vitro, whose major activity appears to be the mediation of nucleosome sliding along DNA [59] . ISWI is the central 'motor' of several complexes that have been shown to have a role in chromatin assembly in vitro and in early embryos of Drosophila and Xenopus, which makes these factors good candidates for some role in chromatin replication (reviewed in [60] ). Several ISWI complexes have been shown to mediate the assembly of repressive chromatin structures, and have been implicated in transcriptional silencing [61] [62] [63] [64] . One ISWI complex, called WICH [WSTF (Williams-syndrome transcription factor)/ISWI/chromatin-remodelling factor], was found to be targeted to replicating pericentromeric heterochromatin in mouse cells [65] . A substantial overlap of WSTF and replication site staining in earlier stages of S phase made it difficult to judge if there is a more general targeting of this complex to replication sites. Recently, an extraction protocol using high salt-and Triton-containing buffer allowed visualization of the general targeting of WSTF to replication foci [66] . This targeting seems to be mediated through direct interaction of WSTF with PCNA, a key factor in chromatin replication and DNA repair. Depletion of WSTF results in a state of global chromatin condensation, an increase in heterochromatin markers such as HP1 and a consequent impairment of transcriptional activity [66, 67] . This change in chromatin structure upon WSTF depletion is dependent on S-phase progression [66] . These observations fit a model which suggests that chromatin remodelling by WICH right at the replication site allows the rapid rebinding of transcription regulators that have been evicted by the replication fork back to the chromatin in the daughter strands [67] (Figure 1) . Because ISWI complexes, including WICH, mobilize nucleosomes, they facilitate the interaction of factors with DNA in chromatin [59] . These factors could be DNA-binding transcriptional regulators, such as activators or repressors, but also chromatin-binding proteins or chromatin-modifying enzymes. In the absence of WSTF, chromatin fibres would form immediately following DNA replication, which could subsequently promote heterochromatin assembly, resulting in the observed global chromatin condensation, increased heterochromatin protein content and transcriptional impairment. This hypothesis links chromatin remodelling by WICH at the replication site to the maintenance of epigenetic patterns through DNA replication.
In fission yeast there is no ISWI orthologue (A. Neves-Costa and P. Varga-Weisz, unpublished work). Therefore, other ATP-dependent nucleosome-remodelling factors might be involved in resetting chromatin structure after replication in this organism and others. One potential candidate could be INO80, a conserved member of the SWI/SNF family whose functions include chromatin remodelling and a 3-5′ helicase activity [68] . Budding yeast strains lacking INO80 display mis-regulated transcription and are hypersensitive to DNA-damaging agents, suggesting a possible role in DNA repair [68] . In Arabidopsis thaliana, INO80 is reported to have a role in homologous recombination and transcriptional regulation [69] . Studies in S. cerevisiae indicate a direct role for Ino80p in facilitating the repair of double-strand DNA breaks in the context of chromatin [70, 71] . Given the above evidence, the role of INO80 as a chromatin modifier might be extended to replication sites, as there is a connection between DNA replication and repair, and this may account for the fact that INO80 is implicated in transcriptional regulation.
Conclusions
There is increasing evidence that the multi-step process of replication, and the chromatin organization associated with it, can be regulated on different levels, so that the elegant balance of genomic regeneration and epigenetic maintenance can be retained (Figure 2 ). Histone-modifying enzymes, chromatin-remodelling factors, DNA methylation and RNA components are all components of the chromatin-remodelling machinery toolbox, and they all facilitate, via a wide A model is depicted that shows WICH bound to PCNA (A), facilitating DNA accessibility by moving nucleosomes on the newly replicated DNA, thereby allowing the rebinding of factors from the parental to the daughter strands. These factors may be transcription factors, as depicted here, resulting in the propagation of transcriptionally active chromatin. They may, however, also be factors that promote silencing, such as transcriptional repressors, resulting in the transmission of silent chromatin and/or heterochromatin. In the absence of WICH (B), no rebinding of factors can occur, allowing the rapid formation of inaccessible chromatin fibres. PolII, RNA polymerase II. Figure 2 Chromatin structure is the global mediator that ties the replication programme together with transcriptional regulation. Replication initiation, replication timing and chromatin assembly at replication sites are determinants of epigenetic inheritance through a broad range of chromatin modulations. In return, the transcriptional states influence the replication programme by utilizing the chromatin-remodelling machinery, so that ultimately the two processes are entangled in a cycle of co-regulation.
